tive exposure of the lesion and, by its nature, is not ideal for routine use as a diagnostic test for planning treatment. Alternatively, it might be possible to construct a mathematical model of AVM hemodynamics. 13, 19 For example, this might be achieved on the basis of models involving the multicompartmental analysis of nidus vessels arranged in diverse fashions, or on electrical network analysis. 7 However, this requires significant mathematical expertise and may not be applicable in many neurosurgical centers at which patients with AVMs are treated. Finding a simpler means for identifying those patients with AVMs who are at risk for ICH might contribute significantly to their successful treatment.
To be clinically useful, a hemorrhage-prediction method should be sufficiently intuitive for universal acceptance and sufficiently simple to be performed by technical staff as well as physicians. Ideally, it should impart no more risk to the patient than the standard diagnostic angiogram used to identify the AVM. Our objective in this study, therefore, was to develop and validate such a method.
We approached this problem by conducting prospective, blinded analysis of simple hemodynamic parameters in a consecutive series of 31 patients undergoing diagnostic angiography for brain AVMs. The angiograms were analyzed to obtain contrast dilution curves, from which multiple parameters were derived. We then determined if any of these parameters and/or AVM size were related to patients' presentation with hemorrhage, seizure, or other clinical symptoms. The results indicate that this simple approach may be useful in identifying a population of patients with AVMs who are at increased risk of ICH.
Clinical Material and Methods

Patient Population
Thirty-one consecutive patients (18 men and 13 women) ranging in age from 19 to 68 years (mean 34.7 years) were enrolled in this study. The AVM locations were frontal (12) , temporal (two), parietal (six), occipital (two), thalamic (four), callosal (one), cerebellar (three), and in the brainstem (one). Eleven patients presented with hemorrhage and 11 with seizures. The remaining nine presented with nonspecific symptoms (headaches, dizziness, and so forth). The individual patient characteristics are presented in Table 1 . Patients harboring acute intracranial hematomas or exhibiting raised intracranial pressure (ICP) were not included in this study. This ensured that dynamic measurement of angiographic contrast accumulation and dispersal would not be affected by these potentially confounding variables.
Diagnostic angiograms were obtained using standard angiography equipment (General Electric LU-A Advantx; General Electric Medical Systems, Milwaukee, WI). Contrast material was injected in a standardized fashion by means of a pump at a constant rate of 12 ml over 7 seconds. Images were taken in two planes (anteroposterior [AP] and lateral) at 3.8 frames/second, beginning just before the injection and ending after the contrast material disappeared from the venous phase. By using the software supplied with the angiography equipment, we identified regions of interest (ROIs) in up to two feeding arteries and two draining veins of the AVM in both the AP and lateral projections (Fig. 1A1) . The ROIs were placed as close to the AVM nidus as possible while still avoiding overlap from overlying vessels. Contrast material dilution curves (contrast density compared with time) were then obtained for each ROI of a given feeding artery or draining vein (Fig. 1A2) . The curves were then analyzed using customized software running on a standard IBM PC-compatible computer to derive the necessary hemodynamic parameters, as follows. All analyses were performed by a clinician who had been blinded to the patient's history, mode of presentation, and clinical course. The following parameters were derived from ROIs in each artery and vein ( Fig. 2) : the time elapsing from the first appearance of contrast material in the artery (A 0 ) to the peak contrast concentration (A max ) and 20% (A 20 ), 50% (A 50 ), and 80% (A 80 ) of A max . Also, the times required for the contrast density to decline by 20% (A d20 ), 50% (A d50 ), and 80% (A d80 ) of A max were measured. A similar analysis was performed on the venous side to obtain V 0 , V max , V 20 , V 50 , V 80 , V d20 , V d50 , and V d80 times. The contrast material transit time through the AVM (the interval between corresponding portions of the arterial and venous concentration curves [V max Ϫ A max ] and [V 80 Ϫ A 80 ]) and lesion size were also recorded. Each parameter consisted of the mean value derived from up to four dilution curves (up to two vessels in each of the AP and lateral projections). Curves were excluded from analysis only when overlapping vessels in a given projection invalidated the measurements (for example, a draining vein overlying an arterial ROI opacifying with contrast material during the arterial injection).
After deriving the aforementioned parameters for each patient in a blinded fashion, the data were grouped and analyzed according to the patient's mode of presentation. Statistical analysis was performed using one-way analysis of variance (ANOVA) to determine the presence of differences in parameter means among the three different pre- sentation groups. These were followed by post-hoc Student's t-tests in which the Bonferroni correction was used to examine differences between individual group means.
Results
Contrast dilution curves were obtained from the AP and lateral projection angiograms in each patient as described. Up to eight dilution curves were obtained per patient (two arterial and two venous in each of two projections). Hemodynamic parameters were derived from the curves as described, by a neurosurgeon who was blinded to the patient's mode of presentation.
Statistically significant relationships between hemodynamic parameters and clinical presentation were found only in the arterial phase of the analysis. Specifically, the times required to reach A 50 , A 80 , and A max in feeding arteries differed significantly between patients who initially presented with hemorrhage as compared with patients presenting with seizure, according to ANOVA with post-hoc t-tests and Bonferroni correction. In patients presenting with seizures, AVMs exhibited the shortest times to peak contrast density in the feeding arteries (mean Ϯ standard error Table 2 ). For example, Fig. 1 illustrates three angiographically similar AVMs in patients who presented with either hemorrhage (Fig. 1A) , incidental findings (Fig. 1B) or seizures (Fig. 1C) . However, despite the apparent similarities between the AVMs, analyses of the times required to reach A max reveal hemodynamic differences between these three lesions corresponding to the findings described in this study. Specifically, comparison of the dynamic arterial contrast profiles demonstrates the relatively slow rise in contrast levels in those patients with hemorrhage as compared with those suffering seizures. Patients with other symptoms fit between the two extremes.
Similar analyses were performed for the times required for the arterial contrast material density to decrease from peak values (A max ) to A d20 , A d50 , and A d80 . There were trends for AVMs in patients who hemorrhaged to exhibit longer decrease times, AVMs in patients with seizures to have short decrease times, and patients with other symptoms to have intermediate times (Fig. 3) . However, because of increased variability in the measured contrast material density in arteries in the decrease phase, these results were not statistically significant ( Table 2) . Analyses of venous parameters, both of the contrast material density in veins in the increase and decrease phases, also exhibited these Fig. 2) . Differences between groups were analyzed using ANOVA with post-hoc t-tests and the Bonferroni correction. Asterisks designate a statistically significant difference between group means. trends but none reached statistical significance ( Table 3 ). The variability in the arterial and venous parameters increased with longer elapsed times from the standardized contrast material bolus injection. It is likely that this variability was produced by hemodynamic differences imposed by the varied nidus anatomy among the different AVMs. Regardless, analyses of delayed parameters were less precise. Further comment about their utility would require us to study a larger patient population.
The time required for contrast material to traverse the AVM nidus was also examined but found to be unrelated to presentation (Table 4) . Size of the AVM, a factor suggested to be related to presentation in some studies, 8, 19 was also unrelated to clinical presentation in our analysis. In the group of patients with AVMs presenting with hemorrhage, the mean size of the lesion was 2.5 Ϯ 0.46 cm (SE) or Ϯ 1.51 cm (standard deviation [SD] ). The mean size of the lesion was 3.05 Ϯ 0.34 cm (SE) or Ϯ 1.11 (SD) in the group presenting with seizure, and 3.16 Ϯ 0.47 cm (SE) or Ϯ 1.32 cm (SD) in the group presenting with other symptoms. The differences between the groups were analyzed using ANOVA with post-hoc t-tests and the Bonferroni correction. There were no statistically significant differences between group means (p = 0.49).
Discussion
Histological examination reveals that most AVMs are a tangle of dysplastic, thin-walled vessels with no intervening cerebral tissue, which results in a short circuit between the arterial and venous systems. A nidus receives a relatively high volume of arterial blood and, with the lack of a normal (high) resistance capillary bed, is exposed to considerable blood flow. The presence of focal dilations within the abnormal intranidal vessels may be a source of hemorrhage if they are exposed to high pressures.
After the initial hemorrhage from an AVM, the likelihood of early rerupture is lower when compared with that of individuals with ruptured intracranial aneurysms. 10 Therefore, definitive treatment of the lesion may be undertaken in a more considered, elective manner.
Recent work supports the impression that larger AVMs present with seizures, whereas small AVMs are more of- Fig. 2) .
† Differences between groups were analyzed using ANOVA with post-hoc t-tests and the Bonferroni correction. ‡ Statistically significant difference between group means. Fig. 2) .
† Differences between groups were analyzed using ANOVA with post-hoc t-tests and the Bonferroni correction. There were no statistically significant differences between group means. ten associated with hemorrhage. 8, 19 There is evidence that large, high-flow AVMs are fed by low-pressure arteries. 1 Spetzler, et al., 19 analyzed 24 AVMs in which they measured the feeding artery pressures intraoperatively. Ten of the patients had presented with hemorrhage, and the other 14 experienced other neurological symptoms. Patients with hemorrhages had mean feeding artery pressures of 90% of systolic blood pressure compared with 47% of systolic in those with other symptoms. Interestingly, these authors established that the mean feeding artery pressures were higher in the smaller AVMs regardless of the mode of presentation and that there was no fluctuation in the systemic arterial pressure. They suggested that this was the reason that the smaller AVMs were more frequently the cause of hemorrhage than medium or large lesions. A pressure drop across the nidus with the inevitable distension of the feeding vessels and dysplastic intranidal vessels predisposes them to rupture. By comparison, larger AVMs demonstrate lower resistance, high-flow shunts, and present with neurological symptoms secondary to surrounding ischemia from the proximal steal or "suck" of the shunt.
Less research has been reported on the venous physiology of AVMs. Young, et al., 21 tried to measure the pressure gradients across the nidus of an AVM to delineate any relationship with the deep venous pressures. In 21 patients there was positive correlation between feeding arterial pressures and draining venous pressures associated with the AVM, particularly when the head (as opposed to the heart) was the reference point. Despite this direct relationship the transnidal pressure gradient (feeding artery minus draining vein pressures) is lower in larger AVMs, supporting the notion that less stress is placed on the intranidal structures exhibiting a lower hemorrhage rate. There was also evidence demonstrating that the AVM shunt is not merely a passive conduit transmitting feeding arterial pressure into the venous side. However, these authors noted that changes in the systemic mean arterial and central venous pressures affect the AVM arterialized draining veins more as venous structures than arterial.
Pasqualin, et al., 16 demonstrated that volume and transcranial Doppler (TCD) hemodynamics (main feeding vessel flow velocity and pulsatility index) are important in estimating the risk of surgery on an AVM. They did not attempt to predict the likely natural history of AVMs from their hemodynamic features, in the absence of treatment.
In a detailed AVM study project conducted at Columbia University, 8 the authors attempted to delineate the physiological and anatomical factors that predispose patients to spontaneous AVM rupture. They examined clinical and physiological indexes in a large cohort (449 patients). The variables included AVM size, types of venous drainage, transcranial Doppler velocities, feeding mean arterial pressures, and draining vein pressure. They confirmed that patients with smaller AVMs and the presence of deep venous drainage present more frequently with hemorrhage than those with medium or large AVMs. They also established that feeding mean arterial pressure is an important factor in the pathophysiological basis of hemorrhage from AVMs and not just a reflection of the size. Our results suggest that AVMs in which contrast material takes longer to reach a maximum concentration in the feeding vessels are more likely to present with hemorrhage. This observation is consistent with the notion that AVMs might be regarded as having both a resistive and capacitive component. With this concept the AVM can be simplistically compared with an RC circuit (R = resistance, C = capacitance), in which the time constant of the dye dilution curve is = RC. It is intuitive to assume that AVMs exhibiting long contrast material uptake and /or dilution times possess either increased capacitance or increased resistance to blood flow. The latter would be manifest as increased feeding artery pressures compared with mean systemic pressure, as directly demonstrated by Spetzler, et al. 19 On angiographic studies, the hold up of blood at the nidus would be apparent as a delay in contrast material passing through the nidus and reaching the venous phase. Our results, therefore, corroborate the evidence to date that high feeding artery pressure combined with high transnidal pressures predispose to presentation with hemorrhage.
A potential limitation of the method used in this study is that the delay in increase of arterial contrast material in those patients presenting with hemorrhage may be due to the volume of the hematoma causing a raised ICP with consequent compromise of the cerebral perfusion pressure. This issue was not addressed in this study because it is our purpose to develop a test predictive of future presentation rather than a confirmation of present hemorrhage. However, our treatment policy is to delay surgery in patients with AVM hemorrhages to permit resolution of the hematoma and improvement in neurological status. This approach allows for elective, detailed angiographic examination on which these data are based. Therefore, in all patients, the angiograms selected for this study were obtained many months after the hemorrhagic presentation, * Intraarterial contrast material was injected at a constant rate of 12 ml over 7 seconds. Transit time was defined as the time difference between the peak contrast density in the feeding arteries and draining veins of the AVM (V max -A max ). A similar analysis was performed for the time difference between 80% of peak contrast density in the arteries and veins (V 80 -A 80 ) to determine if this would improve the precision of these measurements.
† Differences between groups were analyzed using ANOVA with post-hoc t-tests and the Bonferroni correction. There were no statistically significant differences between group means.
to preclude the possibility that the measurements were affected by raised ICP or local compression by hematoma.
A simple radiological characterization of AVM dynamics at the time of angiography would help to predict the likely mode of presentation of an AVM. Similar analyses of the size of intracranial aneurysms and the hemodynamics within the parent vessels and aneurysmal sac have been performed and are being published by another group. 20 Complex work in which electrical network analysis has been used 7 has been published, but these authors have only been partly successful in simulating the hemodynamics of cerebral AVMs in biomathematical models. However, there are limitations to the predictive power of these abstract models due to lack of pulsatile blood flow, uniform nidus architecture, and noncompartmentalization of the model.
Our radiological techniques are commonly used in most neurosurgical centers. In the light of our findings we may, in future recruitment of patients, increase the spatial and temporal resolution of the imaging equipment used to acquire more refined data in an effort to validate these early results.
Conclusions
We have demonstrated a correlation between the time required for contrast material in the feeding arteries of an AVM to attain predefined concentrations and the mode of presentation (hemorrhage compared with seizures). There is not yet sufficient follow up to establish relationships with the natural history of these lesions, only presentation. Slower transit times indicate a hold up of contrast material before it reaches the nidus, with a pressure gradient between the feeding and draining vessels that can increase the risk of rupture, perhaps favoring a more expeditious, definitive treatment. We continue to recruit patients prospectively with the goal of validating these early results. With larger numbers of patients and careful follow-up review it will be feasible to provide reliable time ranges against which an AVM can be "graded" with regard to its probable future behavior and/or presentation.
